ABSTRACT: Zeolite beta, a large-pore zeolite, was investigated in this study with a view to examining it as a potential adsorbent for the removal of aniline from aqueous solutions. Two different metal-loaded zeolites were prepared by exchanging H-beta zeolite (SiO 2 /Al 2 O 3 = 75:1) with copper. The influence of exchanged copper on the uptake level was assessed. The effect of varying the silica-to-alumina ratio of the H-beta zeolite on the aniline uptake level was also examined, using three different H-beta zeolites with ratios of 25:1, 75:1 and 150:1 as adsorbents.
INTRODUCTION
Some two million tonnes of waste per day originating from industrial, domestic and natural activities are disposed of in water. The resulting wastewaters account for ca. 90% of the hazardous wastes produced by these activities (Knighton 2003; Mantavionis et al. 1999) . As water resources are being depleted, it is becoming increasingly more important to treat wastewater. Industries, in particular, are required to comply with more restrictive environmental regulations regarding the emission of pollutants from industrial waste streams. As prices increase, industries are faced with cost pressures to reduce water consumption. This combination has led to an increased interest in wastewater re-use and purification technologies. Water re-use is a strategy that allows reductions in the global demand without modifying the production process (Almato et al. 1999) . Although re-use has not yet been implemented on a large scale, there will come a point when technologies that exist now or are being developed will make the recycling and re-use of industrial water a viable commercial option (Hancock 1999) . Current methodologies for treating wastewaters focus on the use of unit operations such as precipitation, coagulation, filtration, adsorption, ion exchange and electrochemical techniques. Adsorption technology, in particular, has been used for the removal of organics from wastewaters, primarily focusing on the use of activated carbon as the adsorbent. Before it can be re-used, saturated activated carbon is normally regenerated by thermal means. However, there is a significant cost and adsorption capacity loss associated with this process (Cooper and Burch 1999; Shu et al. 1997; Matatov-Meytal and Sheintuch 1997) . This has led to an interest in developing alternative adsorbents for the removal of organic pollutants from aqueous waste streams.
Zeolites are microporous aluminosilicates with open three-dimensional crystal structures. They are adsorbent materials whose negatively charged framework structure contains channels or interconnecting voids that are occupied by water molecules and exchangeable cations (Kirk-Othmer 1995; Weller 1994) . Adsorption in zeolites cannot take place unless the guest molecules are small enough to fit through the apertures (Gates 1992). For larger molecules, access to the energetically favourable internal sorption sites is controlled by the size of the pore apertures and by the presence or absence of non-framework cations in partially blocking positions (Cheetham and Day 1992) .
Previous work by our group (O'Brien et al. 2004) has demonstrated the use of zeolite materials in adsorbing selected organic compounds from their aqueous solutions. The present work sets out to build on this knowledge. The zeolite material used in this work was zeolite beta, a largepore zeolite. Zeolite beta is a disordered intergrowth of two isomorphs which are permeated by a three-dimensional network of 12-membered channels. The dimensions of the identical linear channels are 0.57 × 0.75 nm. The tortuous channel system formed by the intersections of the two linear channels has an approximated pore opening of ca. 0.56 × 0.55 nm (Treacy and Newsam 1988) .
Only a few studies have been reported wherein zeolite adsorption of organic molecules from aqueous solution has been investigated (Shu et al. 1997; Milestone and Bibby 1981; Narita et al. 1985; Ersoy and Celik 2004; Khalid et al. 2004 ) . Adsorption from aqueous solution depends not only on the pore structure of the zeolite but also on the competition between the organic adsorbate and water for the adsorption site (Shu et al. 1997) .
The model organic pollutant chosen for this study was aniline. Aniline plays an important role as an intermediate in the chemical industry. It is primarily employed in the manufacture of methylene di-p-phenylene isocyanate (MDI), a key component in making polyurethanes. Other applications in which it is used include the manufacture of dyes, pigments, pharmaceuticals, rubber additives and pesticides. Forecasts predict that the total global capacity of aniline will increase by ca. 4% per annum until 2005 (Chemical Week 2003 . Aniline readily dissolves in water up to 3.6 g/l, and although subject to bio-and photo-degradation in water it is a toxic substance to aquatic life and must be eliminated from wastewaters before being released to the aquatic environment.
EXPERIMENTAL

Materials
Three H-beta zeolites with differing silica-to-alumina ratios of 25:1, 75:1 and 150:1 were used in the adsorption studies. These zeolites were calcined and sieved to a particle size range of 212-850 µm prior to adsorption testing. The copper-exchanged zeolites were prepared using a procedure outlined by Iwamoto et al. (1990) . Thus, the appropriate mass of copper nitrate trihydrate (Aldrich) was dissolved in 500 ml of distilled water and 10 g of the H-beta (SiO 2 /Al 2 O 3 = 75:1) zeolite support (Zeolyst International) added to the solution. The suspension was stirred for 24 h, after which time the pH was adjusted to 7.0 using an 8.0% v/v NH 3 solution and the suspension stirred for a further hour. The sample was then filtered and the filter cake washed, dried and subsequently calcined at 450°C in air for 5 h. Following calcination, the copper-exchanged beta zeolites were sieved to a particle size range of 212-850 µm.
Zeolite characterisation
The copper content of the metal-exchanged zeolites was measured by atomic absorption spectroscopy using a Varian SpectrAA atomic absorption (AA) spectrophotometer. In preparation for analysis, 0.1 g of the sample was dissolved in 3 ml HF and 10 ml distilled water and then diluted appropriately. The nomenclature used throughout this paper for the copper-exchanged zeolites includes the copper content and the support used, i.e. 0.5Cu-beta indicates a zeolite containing 0.5 wt% copper (as measured by AA) on the beta zeolite support prepared by ion exchange.
The samples were characterised by nitrogen gas adsorption/desorption isotherms using a Micromeritics Gemini ASAP 2010 system, with samples being pretreated at 150°C for 17 h before analysis. The apparent surface areas of the zeolites were measured using the Brunauer-EmmettTeller (BET) method (Brunauer et al. 1940) . The zeolites were also characterised by X-ray diffraction employing a Philips X'pert PRO MPD (multi-purpose diffractometer) X-ray diffractometer PW3050/60 θ-θ with a scan range of 5-60°(2θ) using a Cu Kα line at 1.542 Å. A step size and scan speed of 0.017°(2θ) and 0.2°/s, respectively, were employed. The Cu Kα diffractometer anode was operated at 40 kV with a current of 35 mA.
Copper leachability testing
The leachability of copper exchanged onto the beta support was assessed over a range of pH conditions. For this purpose, the pH of 150 ml of distilled water was adjusted appropriately using either HCl or ammonia solution (35% NH 3 ) and 0.5 g of the copper-exchanged adsorbent material was added to the solution. The solution was stirred continuously and samples were withdrawn periodically. The sample solution was separated from the adsorbent material by vacuum filtration (Whatman GFA filter paper). In order to ensure completed separation, the filtrate solution was centrifuged at 3500 rpm for 10 min using a Sigma 2-4 centrifuge and the supernatant was analysed for copper by AA spectroscopy.
Adsorption isotherms
Isotherms were prepared for aniline adsorption onto H-beta, 0.5Cu-beta and 1.4Cu-beta at 6°C and 24°C using a batch technique. The former temperature was maintained using an ice slush bath. Accurately weighed amounts of adsorbent were allowed to equilibrate with aniline solutions of known concentration, the initial concentrations of aniline being between 50 and 3000 mg/dm 3 . Known weights of zeolite material (0.1 g) were added to glass vials which contained 10 ml of solution. The solutions were stirred continuously for 1 h, after which time the contents of the adsorption flask were separated by centrifugation at 3500 rpm for 20 min and filtered under vacuum. The concentration of aniline before and after adsorption was determined spectrophotometrically (λ max = 230 nm) using a Varian (Cary) UV-vis spectrophotometer. The amount adsorbed was calculated from the initial and final concentrations of aniline in the liquid phase. All experiments were run in triplicate and controls containing only aniline were used to ensure reproducibility and accuracy.
RESULTS AND DISCUSSION
Characterisation
Atomic absorption spectroscopy was used to determine the copper content of the exchanged zeolite and the results were then used to calculate the amount of copper exchanged onto the beta zeolite support. In the ion-exchange procedure, copper is theoretically in the Cu 2+ state and is located close to two framework aluminium atoms. The percentage copper exchanged or copper-exchange capacity is a numerical representation of the amount of exchange occurring in the zeolite, with 100% corresponding to one Cu 2+ ion per two Al atoms. When 100% exchange occurs, all of the available exchange sites are occupied by copper ions. The exchange values are displayed in Table 1 . It should be noted that values exceeding 100% exchange can occur frequently and these are termed 'over-exchanged' catalysts and can be attributed to the presence of CuO species, isolated Cu 2+ and Cu + ions (Torre-Abreu et al. 1997) . In this study, an ion-exchange level of 103% was observed for 1.4Cu-beta. The X-ray diffraction patterns of the two copper-exchanged zeolites were identical to that of the parent zeolite indicating the absence of any crystalline copper phase.
The surface areas of the three zeolite adsorbents are displayed in Table 1 , where no significant difference is observed.
Copper leachability test
The results of the leaching experiments are shown in Table 2 . At pH values less than 5, considerable leaching of the extra-framework copper into solution is evident. In the case of 1.4Cu-beta, complete copper leaching was calculated to give a resultant aqueous copper ion concentration of 47 mg/dm 3 whereas, for the 0.5Cu-beta sample, complete leaching corresponded to a residual aqueous copper ion concentration of 17 mg/dm 3 . The highest copper-leaching levels were recorded at pH 1 for both copper-exchanged zeolites; this can most likely be attributed to dealumination of the zeolite at strongly acidic pH values (O'Dwyer 1993; Oumi et al. 2001) . Dealumination is the removal of the tetrahedral Al 3+ ions from the zeolite lattices. It causes the loss of isolated cupric ions of a defined coordination because these ions replace the protons which neutralise the excess negative charge with Al 3+ (Rokosz et al. 1997) . Loss of the aluminium sites inherently results in extensive copper leaching into the aqueous solution. At acidic pH values, copper leaching was rapid and in all cases maximum leaching occurred in less than 30 min. Table 2 shows the stability of the metal-exchanged beta zeolites over the pH range 5-11 where, for both 0.5Cu-beta and 1.4Cu-beta, leaching of copper was less than 2.5%. This level of leaching corresponds to a copper ion concentration in the aqueous phase of less than 0.4 mg/dm 3 for 0.5Cu-beta and less than 1.2 mg/dm 3 for 1.4Cu-beta. Typical emission limit values (ELVs) for the copper ion concentration in various industrial effluents range from 0.5 mg/dm 3 to 2.0 mg/dm 3 (EPA 1997). Over the pH range 5-11, the copper leached from the metal-exchanged beta samples lies close to but within these typical industrial emission limits. Aniline adsorption experiments carried out over this pH range will lead to minimal copper leaching and will maintain the structural integrity of the zeolite adsorbent. The beta zeolites may therefore prove suitable adsorbents for the removal of aniline from an aqueous environment.
Adsorption
Kinetic experiments were undertaken on H-beta, 0.5Cu-beta and 1.4Cu-beta in order to determine the equilibrium time for the adsorption process. The findings revealed that equilibrium aniline uptake generally occurred in less than 30 min for the three adsorbents, irrespective of the initial aniline concentration. The results of these tests also showed that the amount of aniline adsorbed was largely unaffected by the presence of extra-framework copper, even when the level of copper exchange exceeded 100% (as was the case with 1.4Cu-beta). Figure 1 displays the results for the H-beta sample where the initial aniline concentration was varied. It is shown as a representative example of the kinetic results for the three beta zeolites. Adsorption isotherms for aniline uptake onto each of the beta zeolite samples are shown in Figures 2-4 . A type I adsorption curve is observed in all cases, indicating a strong uptake of aniline from aqueous solution at low adsorbate concentrations with a plateau uptake being attained at higher aniline concentrations. Each of the three zeolite samples H-beta, 0.5Cu-beta and 1.4Cu-beta showed a maximum aniline adsorption within the range 110-120 mg/g, suggesting that at this level the zeolite is saturated. In the case of each adsorption isotherm, a change in temperature neither enhanced nor inhibited the removal of aniline from solution. Two factors can largely impact on the aniline uptake: (i) the dimensions of the aniline molecule and (ii) the chemical state of aniline. Aniline has a minimum molecular diameter of 0.67 nm (Choudhary et al. 1997) , i.e. it is smaller than the linear beta channels (0.57 × 0.75 nm), and therefore the aniline molecule is not restricted physically in its ability to enter the pores. As far as the chemical nature of the aniline molecule in aqueous solution is concerned, aromatic amines are much weaker bases than aliphatic amines or ammonia. Therefore, aniline is a weak base capable of forming its conjugate acid, the anilinium cation, with strong acids (Hart et al. 2003) . Equation (1) depicts the equilibrium process set up when aniline is dissolved in water. The unprotonated form of aniline is resonance-stabilised. However, whereas a series of resonance structures can be drawn for aniline, the same is not true for the anilinium ion. This means that the equilibrium position lies to the left-hand side of the above equation (Housecroft and Constable 1997; Hart et al. 2003) .
(1) The percentage of aniline in the ionised/un-ionised state can therefore vary as a function of pH. The pK a value of the anilinium ion is 4.58 (Ege 1994) . According to the Henderson-Hasselbach equation, aniline molecules exist predominantly in the protonated or anilinium form in solution at pH values less than 4.58.
For this reason, all the adsorption experiments were carried out at pH values between 6.6 and 7.0 (i.e. at least 2 pH units above the pK a value) as this was the absolute minimum for assuming that the aniline existed in the un-ionised form and that the anilinium ion concentration was insignificant during the adsorption process. To further validate this argument, the adsorption of aniline was also examined as a function of the silica-to-alumina ratio of the zeolite, with the aniline uptake onto the three H-beta zeolite adsorbents with ratios of 25:1, 75:1 and 150:1 being examined.
Changing the Si/Al ratio of a zeolite changes the number of negative aluminium binding sites and associated bound cations or protons. Since the ion-exchange capacity is equal to the concentration of Al 3+ ions in the zeolite, the fewer aluminium atoms in the zeolite the fewer exchangeable cations will be present (Smart and Moore 1993). H-beta zeolite has H + as the exchangeable ion. As the Si/Al ratio increases, the number of protons present decreases with fewer negative aluminium sites being present. The converse is true when the Si/Al ratio decreases. The results of the influence of the Si/Al ratio on aniline uptake are displayed in Figure 5 , from which it is evident that the level of aniline adsorbed remained largely unaffected by a change in the number of aluminium sites or acidic sites. Hence, the adsorption of aniline most likely involves the uptake of the un-ionised form.
Both the Langmuir and Freundlich models (Langmuir 1918; Freundlich 1906) , as defined in equations (2) and (3), were applied to the adsorption data:
Langmuir model
( 2) where q e is the amount of solute adsorbed per g adsorbent at equilibrium and K L and A L are Langmuir constants. A plot of C e /q e versus C e from the linear form of equation (2) 
with the Freundlich constants K F and 1/n being obtained by plotting the linearised form of equation (3). The Freundlich model is largely an empirical model of the adsorption process whereas the Langmuir approach assumes maximum adsorption occurs when the adsorbent surface is covered by a uniform monolayer of adsorbate. The data listed in Tables 3 and 4 indicate that the sorption of aniline from aqueous solution onto each of the zeolite materials showed a better fit to the Langmuir model approach. This is further illustrated in Figure 6 which shows the adsorption data at 24°C for aniline onto H-beta, 0.5Cu-beta and 1.4Cu-beta plotted in terms of the Langmuir equation. Despite the presence of exchanged copper on the zeolites, the number of acidic sites and the change in temperature had no impact on the maximum aniline adsorption level. However, the K L values listed in Table 3 indicate a slightly enhanced aniline affinity for the protonated form of the beta zeolite. The data listed in Table 4 provide further evidence of enhanced aniline affinity for the more protonated forms of the H-beta zeolite. It is evident that the adsorption affinity towards aniline increased as the silicato-alumina ratio decreased -with a corresponding increase in the H + content. Although the Freundlich isotherm is widely applied in heterogeneous systems, especially in the removal of organic compounds from aqueous solution, the data obtained in the present study showed a poor correlation with this isotherm.
CONCLUSIONS
H-beta zeolites with varying silica-to-alumina ratios of 25:1, 75:1 and 150:1 and the copperexchanged forms of zeolite beta (SiO 2 /Al 2 O 3 = 75:1), 0.5Cu-beta and 1.4Cu-beta, adsorbed ca. 110-120 mg/g aniline from aqueous solution. Neither the presence of exchanged copper on the zeolite nor the number of acidic sites had any impact on the aniline adsorption level. The level of aniline adsorbed was also largely unaffected by changes in temperature. All isotherms conformed to the Langmuir adsorption model. The aqueous stability of the copper-exchanged forms of the zeolite as a function of pH showed high levels of copper leaching at pH values less than 5. This was most probably attributable to dealumination of the zeolite at these highly acidic pH values. A smaller degree of copper leaching was observed over the pH range 5-11. This presented an opportunity for the aniline adsorption studies. 
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